Multiple phosphorylation sites in the 165-kilodalton peptide associated with dihydropyridine-sensitive calcium channels.
Evidence from electrophysiological and ion flux studies has established that dihydropyridine-sensitive calcium channels are subject to regulation by neurotransmitter-mediated phosphorylation and dephosphorylation reactions. In the present study, we have further characterized the phosphorylation by cAMP-dependent protein kinase and a multifunctional Ca/calmodulin-dependent protein kinase of the membrane-associated form of the 165-kDa polypeptide identified as the skeletal muscle dihydropyridine receptor. The initial rates of phosphorylation of the 165-kDa peptide by both protein kinases were found to be relatively good compared to the rates of phosphorylation of established substrates of the enzymes. Phosphorylation of the 165-kDa peptide by both protein kinases was additive. Prior phosphorylation by either one of the kinases alone did not preclude phosphorylation by the second kinase. The cAMP-dependent protein kinase phosphorylated the 165-kDa peptide preferentially at serine residues, although a small amount of phosphothreonine was also formed. In contrast, after phosphorylation of the 165-kDa peptide by the Ca/calmodulin-dependent protein kinase, slightly more phosphothreonine than phosphoserine was recovered. Phosphopeptide mapping indicated that the two kinases phosphorylated the peptide at distinct as well as similar sites. Notably, one major site phosphorylated by the cAMP-dependent protein kinase was not phosphorylated by the Ca/calmodulin-dependent protein kinase, while other sites were phosphorylated to a high degree by the Ca/calmodulin-dependent protein kinase, but to a much lesser degree by the cAMP-dependent protein kinase. The results show that the 165-kDa dihydropyridine receptor from skeletal muscle can be multiply phosphorylated at distinct sites by the cAMP- and Ca/calmodulin-dependent protein kinases. As the 165-kDa peptide may be the major functional unit of the dihydropyridine-sensitive Ca channel, the results suggest that the phosphorylation-dependent modulation of Ca channel activity by neurotransmitters may involve phosphorylation of the 165-kDa peptide at multiple sites.